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Available online 1 July 2016AbstractAn implicit method of solving the six degree-of-freedom rigid body motion equations based on the second order Adams-Bashforth-Moulten
method was utilised as an improvement over the leapfrog scheme by making modifications to the rigid body motion solver libraries directly. The
implementation will depend on predictor-corrector steps still residing within the hybrid Pressure Implicit with Splitting of Operators - Semi-
Implicit Method for Pressure Linked Equations (PIMPLE) outer corrector loops to ensure strong coupling between fluid and motion. Aitk-
en's under-relaxation is also introduced in this study to optimise the convergence rate and stability of the coupled solver. The resulting coupled
solver ran on a free floating object tutorial test case when converged matches the original solver. It further allows a varying 70%e80% reduction
in simulation times compared using a fixed under-relaxation to achieve the required stability.
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The use of a Volume of Fluid (VOF) solver interFoam in
coastal processes has been well documented with the devel-
opment of the IH package for wave generation and active wave
absorption (Higuera et al., 2013a, 2013). The current Navier-
Stokes based solver often used in industries for naval hydro-
dynamics is the coupled interDyMFoam solver, which consists
of the interFoam solver (Gopala and van Wachem, 2008;
Rusche, 2002), coupled with the six Degree of Freedom (6-
DoF) rigid body motion solver libraries sixDo-
FRigidBodyMotion. The rigid body motion solver libraries
allow for restrains and constrains of the floating object which
are very useful in seakeeping analysis where structures are
often moored to the seabed. In the past releases of* Corresponding author.
E-mail address: chow0106@e.ntu.edu.sg (J.H. Chow).
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ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).OpenFOAM® (OpenFOAM, 2015; Weller et al., 1998), the
coupled solvers are usually based on a weak coupling between
the fluid and the motion, where the fluid solution from the
VOF solver is passed on to the motion solver libraries only
once at the end of every time step to determine its position and
orientation. The Pressure Implicit with Splitting of Operators
(PISO) (Issa, 1986) was used in the PISO fluid solver. The
major consequence of weak coupling between fluid and mo-
tion is the reduced stability brought about by the artificial
added mass effect (Causin et al., 2005; Foerster et al., 2007).
With the implementation of the merged Pressure Implicit
with Splitting of Operators e Semi-Implicit Method for
Pressure Linked Equations (PISO-SIMPLE or PIMPLE) al-
gorithm in the newer releases of OpenFOAM® (version 2.3.0
onwards), utilising outer corrector loops for the convergence
of pressure and velocities is now possible. As such for dy-
namic mesh solvers like interDyMFoam, the mesh update
function is now implemented within the PIMPLE outer
corrector loop, which allows for a stronger coupling between
the fluid and the rigid body motion. Depending on thehosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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several iterations of the PIMPLE loops actually permit for
mesh to get updated the same number of times (Fig. 1). When
the fluid solution converges, it can be implied that the motion
is also converging to a certain extent since a significant change
in the position or orientation of the floating body would result
in a slightly changed mesh, thus requiring a different fluid
solution. It is possible to have the fluid and motion conver-
gence to be of different orders though, due to convergence
based entirely on the fluid solution criterion which ends the
outer corrector loop to proceed to the next time step.
It can be seen from Fig. 1 that when nOuterCorrectors is
set to 1, the solver falls back to a weakly coupled state where
the fluid solution is obtained only by the PISO algorithm.
Increasing the inner correctors (nCorrectors) may provide us a
better fluid solution but since the motion solver is called only
once, the solution of the floating object motion is based
entirely on the fluid solution.
The 6-DoF rigid body motion of the floating object is
solved by a simple motion solver based on the leapfrog
method. Every time the motion solver is called at every iter-
ation k, the velocity of the floating body v first gets updated
based on the determined force f and thus the acceleration f/m
of the last iteration multiplied by half the previous time step
size Dt0 (Eq. (1)). The position is then determined from the
product of the acceleration and the new time step size Dt1 (Eq.
(2)).
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The new computed acceleration, denoted with a tilde rep-
resenting a computed value, is obtained from the fluid solution
by integrating the forces over the patches in contact with the
fluid (Eq. (3)) for the new position and subsequently the
updated mesh. For the first few iterations, the acceleration
obtained varies largely from values of their last iteration,
which results in stability issues for weakly coupled solutions
(Causin et al., 2005; Foerster et al., 2007). The acceleration is
relaxed (Eq. (4)) using a fixed acceleration under-relaxation
parameter ua for stability which is usually problem depen-
dent. A very small under-relaxation of 0.1 is required for some
problems at certain times of the simulation, which can un-
necessarily lengthen the total simulation time. At the end ofFig. 1. Schematic of the new implementation of the PIMPLE loop.the iteration, the velocity is updated by multiplying the ac-
celeration with half of the new time step size (Eq. (5)).
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2. Adams-Bashforth-Moulton motion solver with Aitken's
dynamic under-relaxation
With a reasonably small time step size and over many outer
corrector loop iterations, the explicit Euler's or the leapfrog
method will eventually arrive at a converged solution for the
position and orientation of the floating body as described in
the last section. In the new implementation, an improved
explicit-implicit scheme based on the second order Adams-
Bashforth-Moulten formulation (Seng et al., 2012) will be
utilised to govern the 6-DoF rigid body motion of the floating
object. The formulation requires data from the last two time
steps as opposed to only using the last time step values in
explicit Euler's method. For simplicity, the explicit Euler's
method is used for the first time step to determine the velocity
(Eq. (6)) and the position (Eq. (7)).
v1 ¼ v0 þDt

f
m

0
ð6Þ
x1 ¼ x0 þDtðv1Þ ð7Þ
The explicit-implicit Adams-Bashforth-Moulten formula-
tion starts with a predictor step (Eqs. (8) and (9)) which up-
dates the position of the floating body xk using variables from
the last two time steps denoted by subscripts 0 and 00. The
VOF solver obtains a new fluid solution and performs an
integration of the forces on the patches of the floating object to
determine the resultant acceleration f/m acting on the wetted
surface. This is followed by a series of corrector steps (Eqs.
(10) and (11)) which alternates with the VOF solver every
iteration. At the end of (Eq. (11)) the position xkþ1 is updated
and a new fluid solution is obtained from the updated position.
Subsequently the new acceleration (f/m)kþ1 can be computed
by integrating the forces over the wetted surface again. Unlike
the predictor steps which requires no under-relaxation, a
certain under-relaxation is needed for (f/m)kþ1 to ensure sta-
bility in the corrector steps. It was previously mentioned that a
conservative fixed under-relaxation was used for the first time
step solved by explicit Euler (Eq. (4)) which usually ranges
from 0.1 to 0.5. Similarly for the first corrector iteration a fixed
under-relaxation u0a (Eq. (13)) of the same magnitude will be
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under-relaxation (Aitken, 1927) is utilised (Eqs. (12)e(14)).
ua,min and ua,max determines the range of values for the ac-
celeration under-relaxation and the default values are set to 0.1
and 1.0 respectively. At the end of the first corrector iteration,
uk1a is initialised with a value of 1.0 to begin in the compu-
tation of Aitken's under-relaxation constant uka at k ¼ 1 (Eq.
(13)). From k  1, a factor R will be evaluated at every iter-
ation (Eq. (14)) to determine the required under-relaxation
based on the accelerations of the floating body. The
subscript T here represents the transpose of the acceleration
matrix where mathematically represents the dot product of the
two numerator terms.
Predictor step starts at k ¼ 0:
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Corrector steps
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Under-relaxation
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2 ð14ÞFig. 2. Schematic of the strongly coupled partitioned rigid body motion solver.2.1. Solver algorithmIn the current implementation, the first time step employs
the explicit Euler's simple motion solver (Fig. 1) (Eqs. (1) and
(2)). The solver follows the sequence shown in Fig. 2 from the
second time step onwards. During the first iteration of each
time step, the force is obtained and passed to the motion solver
to be solved by the Adams-Bashforth-Moulten motion pre-
dictor (Eqs. (3) and (4)). The rest of the iterations are solved
by the correctors (Eqs. (5) and (6)). Due to the implementation
of Aitken's dynamic under-relaxation, the first corrector step is
slightly different such that a fixed under-relaxation is applied
(Eq. (13)).2.2. ConvergenceThe original coupled solver was designed for the PIMPLE
loop (Fig. 2) to automatically end based on several criteria;
either convergence of the pressure and velocities based on the
residual tolerance or the maximum number of nOu-
terCorrectors is reached. Both the values of the tolerance and
nOuterCorrectors are specified by the user. It is important to
note that the convergence of the rigid body motion is only
implied based on the convergence of the fluid solution. This is
correct under the assumption that motion of the floating object
will bring about a significant change in the mesh and thus the
fluid solution during the next iteration. As such, it is normally
recommended to use a more stringent convergence criterion
for the fluid solution. Even so, it is difficult to know in detail
the convergence behaviour of the rigid body motion.
In the current implementation, the acceleration and torque
are used as another convergence criterion on top of the
PIMPLE requirements in the fluid solver. The choice is
obvious since it is the property first calculated in the sequence
of equations right after force integration.
3. Floating object tutorial case
The validations in this paper are based on the default
tutorial set up case of a floating object as shown in Fig. 3. The
case is relatively simple with only no-slip walls in contact withFig. 3. Geometry based on floatingObject setup.
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tion and absorption. The case also immediately reaches a
highly dynamic state when the simulation begins that allows
troubleshooting if problems occur early on. The case was ran
for 6 s where it will reach a steady state thereafter.
A three-dimensional tank of a metre in length, width and
height is created with a uniform water depth of 0.5368 m
except for one of the corners 0.3 m in length and 0.2 m in
width elevated with a depth at 0.65 m.
A floating cuboid located 0.35 m away from the side walls
opposing the elevated corner is created (Fig. 3) 0.3 m in
length, 0.2 m in width and 0.5 m in height and semi-
submerged with a bottom of the cuboid 0.1 m away from
the bottom wall. The density of the floating cuboid is known to
be 500 kg per cubic metres. The floating cuboid is constrained
from movements along the y-axis cutting through the centre of
rotation of the floating object. Another constrain is set up to
prevent movements in the y-plane. Motion restraints usually
used for mooring analysis are not used in this set up. A special
boundary condition for the “atmosphere” at the top is used,
which switches between velocity and pressure between a
specified value and zero gradient depending on the velocity
direction. The fixed atmospheric pressure is first manually
specified. For the case of inflow of air into the domain, the
velocity is obtained from the normal component of the patch
face. A zero gradient condition will be specified when air
flows out of the domain. A fixed flux pressure analogous to
buoyant pressure is specified for all the other walls. A struc-
tured mesh is created with the built-in blockMesh routine in
OpenFOAM® to create 20 and 30 blocks of uniform sizes in
the horizontal and vertical directions respectively. A further
refinement with twice the number of blocks in each direction
will be done until no observable changes in the solution.3.1. Floating object resultsThe new motion solver was first developed on an older
version of OpenFOAM (2.3.0) of the main release by
OpenCFD Foundation Limited. The test case was initially ran
with the default interDyMFoam solver and several different
time step sizes were tested by reducing the Courant numbers
gradually. The centre of gravity at the end of every time step
was extracted from the log files (Fig. 4). It was found that in
the default solver the position of the centre of gravity did not
converge even when the Courant number was reduced to very
small value of 0.02. It can be observed that as time passes the
errors seem to accumulate which bear resemblance to an
explicit formulation. A similar trend was found in the new
implementation based on the Adam-Bashforth-Moulten im-
plicit method. It is undesirable for the solution to not converge
at such low Courant numbers for the relatively short time span
of just 6 s. With the accumulative nature of the errors this
would imply that longer simulations would require an even
smaller time step sizes or Courant numbers.
Further analysis was done to extract the water depth from
four fixed points surrounding the floating object 0.3 m and
0.7 m from the side walls of the elevated corners at positions(0.3, 0.3), (0.7, 0.3), (0.3, 0.7), (0.7, 0.7). It was found that a
similar non-convergent trend was observed again for both the
default solver and the new implementation (Fig. 5). It seems
now that there is an inherent problem with the explicit
implementation of the alpha solver. This was confirmed by
turning off the dynamic mesh and just running the fluid solver
with a fixed object. It was found that the solution was still
changing in a similar manner when the time step was reduced.
The focus was thus shifted to fixing the fluid solver instead of
the motion solver, specifically to the alpha formulation in the
VOF solver which is known to be a Multidimensional Uni-
versal Limiter with Explicit Solution (MULES) solver
(OpenFOAM, 2015).
To fix this problem, a semi-implicit MULES (OpenFOAM,
2014) implemented in the latest update of the main Open-
FOAM release (beyond version 2.3.0) was used to solve the
alpha equations in the fluid solver. From running the same
fixed object setup without mesh motion, a much consistent
water depth has been obtained (Fig. 6). The much improved
solver only showed very slight differences between using a
Courant number of 1.0 and 0.1. Beyond 0.1, there were no
significant differences between the results so no further re-
ductions were necessary.
The current developed motion solver used in this study is
then ported over to the new version to make full use of the
semi-implicit MULES to reduce any errors that can accumu-
late in the fluid solution in the older formulation. For subse-
quent runs, there were no differences in the results observed in
the motion plots as well.3.2. Floating object convergence behaviourWith a converged solution at a relatively high Courant
number, it is now possible to perform an analysis on the
convergence behaviour of the solvers especially with the
newly implemented solver using Aitken's dynamic under-
relaxation. For a start, the residual plots of the first seven
time steps using the default solver was compared with the
newly implemented solver using Aitken's dynamic under-
relaxation. Fifty iterations were ran for each time step to
observe the residuals trend. In Fig. 7, the residuals between
before applying under-relaxation were also compared with
after application, where differences between the residuals
would signify the under-relaxation parameter that was
implemented. The results generally showed that the new
implementation with Aitken's under-relaxation converged
much faster within the first 10e20 iterations. Beyond that,
fluctuations can be spotted where the residual will rise back up
from a very small value. It is also worthy to note that
whichever the calculated Aitken's under-relaxation parameter
chosen, the new implementation seems to be converging faster
than the original leapfrog method. It seems that adding Aitk-
en's dynamic under-relaxation further enhances the conver-
gence behaviour of an already improved implementation,
which can also be confirmed in Fig. 8a and b.
Normally a fixed under-relaxation of 0.1 is considered to be
very low and only applied if stability is an issue, which usually
Fig. 4. Plots of the position of centre of gravity at different Courant numbers of 1, 0.1, 0.05 & 0.02 using the default solver.
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and b, a fixed under-relaxation of 0.2 for the default user is
brought into the comparison for the accelerations and veloc-
ities respectively (black dotted lines). From the residual trend,
it can be seen that the fluctuations started to occur. The
simulation seems to be at its limit in terms of stability, which
had been later confirmed to be totally destabilized with
floating point exception errors encountered mid simulation
when an under-relaxation of 0.3 was used. A fixed under-
relaxation of 0.1 for the Adam-Bashforth-Moulten (ABM)
implementation was also introduced here as a comparison to
reiterate what was mentioned in the last paragraph (green
dashed lines). The residuals fell quickly with a sharp gradient
within the first few iterations and gradually matched the
trend for the original solver when a fixed under-relaxation ofFig. 5. Plots of the water depth at different Courant number0.1 was used (red dashed-dotted lines). It is clear that this is
the effect of the implicit implementation at work here. A
comparison of the green dashed lines with the blue solid lines
will signify the sole effect of Aitken's dynamic under-
relaxation.3.3. Convergence optimisationsFrom the previous results it can be observed that in most
cases the newly implemented solver with Aitken's dynamic
under-relaxation converged much faster with more fluctua-
tions at later iterations having a chance to exceed the motion
convergence criteria of 103. It is thus vital to optimise the
parameters specific to the case. Referring back to Eq. (13),
ua,max was set to the default of 1.0 to allow the greatests of 1, 0.1, 0.05 & 0.02 using the new implementation.
Fig. 6. Plots of the water depth at different Courant numbers of 1, 0.1, 0.05 & 0.02 solved with semi-implicit MULES.
Fig. 7. Residual plots of acceleration and torque over the first seven time steps comparing the default interDyMFoam solver with fixed under-relaxation and the new
implementation with Aitken's dynamic under-relaxation, showing the residuals before and after applying relaxation.
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tests were repeated several times using ua,max values of 0.5,
0.2 and 0.1, with the last representing a fixed under-
relaxation since we have defaulted the minimum to the
same value. It can be seen from the plots (Fig. 9a and b) that
a ua,max of 0.5 will have almost the same initial residual
reduction rate as a ua,max of 1.0. Within the seven time steps,
it can also be observed that only for the ua,max of 1.0 did the
residual ever exceed the residuals when a fixed under-
relaxation of 0.1 was used. From an intuitive perspective, a
ua,max of 0.5 serves as a sweet spot between fast initial re-
sidual reduction and stability in later iterations. In most cases
where users only require a relative error in the order of 103
to 104, the simulations would have been done before the
large fluctuations occurs.3.4. Real-world performance improvementsThe previous two sections discussed the improvements in
convergence during which a fixed number of 50 iterations
were used at every time step. However, it is only realistic to
determine the real performance improvements of the new
solver when a convergence criterion is used to advance the
time instead. The floatingObject tutorial case was ran on a
workstation powered by an Intel® Core™ i7-3520M mobile
CPU at 2.90 GHz with 16 GB of RAM on the host machine.
The guest virtual machine is hosted on VirtualBox with 2
allocated processors and 8 GB of RAM. All the test cases were
ran in serial.
It was found that the default fixed acceleration relaxation
constant for the original solver is only stable when a
Fig. 8. a: Residual plots of acceleration and torque over the first seven time steps comparing the default interDyMFoam solver with two different fixed under-
relaxations and the new implementation with Aitken's dynamic under-relaxation. b: Residual plots of velocity and momentum over the first seven time steps
comparing the default interDyMFoam solver with two different fixed under-relaxations and the new implementation with Aitken's dynamic under-relaxation.
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Increasing this number to 50 prevented the run from
completing with a floating point exception error. It is very
likely that the acceleration relaxation is still too high for the
coupling based on the assumption that a larger number of
outer correctors should reduce the residual errors with itera-
tions. Theoretically, it could mean that the early ending of the
time step causes errors in the solution that actually improves
the stability of the system at a future time step. Nevertheless,
the results are very much different from the converged results.
It is still a challenge to decide which acceleration under-
relaxation value to use since they could be varying with the
number of iterations ran that in turn is proportional to the
convergence criterion. As such, several different values were
used and if the simulation crashes the relaxation constant will
be further reduced. It was found that the maximum relaxationfor a successful run is 0.1 for the default solver, whereby a
converged result is obtainable when a more stringent conver-
gence criterion was concurrently used for that acceleration
relaxation. Two maximum acceleration relaxations of 0.5 and
1.0 for the new implementation were used to compare with the
original solver (Table 1).
Comparing the CG position plots in Fig. 10, it can be seen
that there were no differences between the positional solutions
for the fluid convergence criteria of 108 and 109. A
convergence criterion of 107 was found to be insufficient
with the y-position diverging and would very likely result in a
crashed simulation as can be seen in Fig. 10a.
Between the maximum convergence criteria using Aitken's
under-relaxation of 0.5 and 1.0, it was found that the latter
produced more accurate results at a larger convergence crite-
rion of 107 as differentiated by the larger errors seen in the
Fig. 9. a: Residual plots of acceleration and torque over the first seven time steps comparing the different maximum constants in Aitken's dynamic under-relaxation.
b: Residual plots of velocity and momentum over the first seven time steps comparing the different maximum constants in Aitken's dynamic under-relaxation.
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confirmed by the simulation times in Table 1 since a ua,max of
1.0 actually took longer than when 0.5 was used, which would
imply that more iterations were ran in every time step,
contributing to less deviations from the converged results. This
is contrary to the hypothesis previously discussed, the real-
world tests seems to favour a higher maximum convergenceTable 1
Tabulated clock times in seconds of the completed runs at different conver-
gence criteria.
Default Adams-Bashforth-Moulten
ua ¼ 0.1 ua,max ¼ 0.5 ua,max ¼ 1.0
10e7 33,501 6870 79.5%Y 9007 73.1%Y
10e8 37,956 7507 80.2%Y 10,173 73.2%Y
10e9 39,960 14,773 63.0%Y 20,835 47.9%Ycriterion. The fluctuations seen in Fig. 9 for-
ua;max ¼ 1:0 (blue) are actually beneficial in allowing extra
iterations to be ran at every time step. Nevertheless, it should
be noted that a convergence criterion of 107 is too close for
comfort to be recommended for general use. In sum, a
convergence criterion of 108 is still recommended for general
cases and used in conjunction with a ua,max somewhere be-
tween 0.5 and 1.0.
4. Conclusions and future works
It can be seen from the results that the objectives for the
implementation of the new six DoF rigid body motion libraries
in a modified VOF solver in OpenFOAM had been achieved.
The previously tested implicit Adams-Bashforth-Moulten
solver showed remarkable convergence improvements. The
addition of Aitken's dynamic under-relaxation improved the
Fig. 10. a: Time series plots of the position of centre of gravity (CG) comparing the default solver with the new implementation (ABM) at different convergence
criteria. b: Time series plots of the position of centre of gravity (CG) for the new implementation comparing different convergence criteria and maximum Aitken's
under-relaxation parameter (0.5 and 1.0).
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the later iterations. Dynamic under-relaxation reduced the
need for the user to specify a physics-dependent constant to
ensure stability of the coupled system. A new parameter ua,max
was introduced as a cap to the maximum calculated Aitken's
under-relaxation that will be applied and was found that a
value of 0.5 served as the best balance between speed of
convergence and stability.
However, from the real-world performance tests it can be
seen that a ua,max of 1.0 actually took significantly longer than
0.5. The results also showed less deviation from the converged
results, attributed to the additional iterations per time step due
to the fluctuation preventing the criterion to be reached too
early. A convergence criterion of 108 is recommended for the
pressure and velocity which will result in sufficient conver-
gence of the coupled system.Nevertheless, the new implementation was found to result
in a varying 70%e80% reduction in simulation times,
depending on the configuration of the convergence criteria and
acceleration under-relaxations.
The completed coupled solver with motion convergence
criteria will be used next for validations on a floating wind
turbine experiment previously done in DHI-DK's wave basin.
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